Summary:
To clarify the effect of experimental brain in jury on regional CBF (rCBF), repeated rCBF measure ments were performed using radiolabeled microspheres in rats SUbjected to fluid-percussion traumatic brain in jury. Three consecutive microsphere injections in six un injured control rats substantiated that the procedure in duces no significant changes in hemodynamic variables or rCBF. Animals were subjected to left parietal fluid percussion brain injury of moderate severity (2.1-2.4 atm) and rCBF values were determined (a) prior to injury and 15 min and 1 h following injury (n = 7); and (b) prior to injury and 30 min and 2 h following injury (n = 7). At 15 min post injury, there was a profound reduction of rCBF in all brain regions studied (p < 0.01). Although rCBF in the hindbrain had recovered to near-normal by 30 min post injury, rCBF in both injured and contralateral A high incidence of hypoxic brain damage has been reported in patients who have sustained a fatal nonmissile head injury (Adams et al., 1980) . Exten sive microvascular obstruction observed during his topathological examination following experimental cerebral contusion suggests that a major portion of delayed neural damage may be secondary to vas cular obstruction and changes in regional CBF (rCBF) (Hekmatpanah and Hekmatpanah, 1985) . Although reduced rCBF following traumatic brain injury may cause ischemic secondary brain damage, little work has been performed to charac terize the temporal changes in rCBF after experi mental traumatic brain injury. Measuring rCBF and CMR02 in a concussive impact acceleration rat model, Nilsson and Nordstrom (1977) showed that rCBF, at 2-4 min post injury, decreased to a level insufficient to maintain the normal oxygen avail ability of brain. Using the hydrogen clearance tech nique, Lewelt et al. (1980) reported a reduction of blood flow to the caudate nucleus (at 1 h post in jury) that was proportional to the severity of mid line fluid-percussion brain injury in cats. Although DeWitt et al. (1986) , using radiolabeled micro spheres, found no significant reductions of rCBF up to 1 h following fluid-percussion brain injury in cats, a subsequent study showed that reductions of rCBF occur at 2 h post injury . Recently, new models of fluid-percussion brain injury have been characterized using the rat as an experimental subject (Dixon et al., 1987; McIntosh et al., 1988) . These models reproducibly produce an acute and transient increase in MABP, an acute and marked suppression of bilateral hemi-spheric EEG activities, and a chronic neurological deficit. Using 31p magnetic resonance spectros copy, we have demonstrated that the regional cere bral metabolic alterations that occur after fluid-per cussion brain injury in the rat are quantitatively re lated to the severity of injury (Vink et aI., 1987 . Although cerebral metabolic alterations and neural damage may be related to changes in rCBF, no investigations have characterized changes in rCBF following fluid-percussion brain injury in the rat. Since the microsphere technique has the ad vantage of permitting repeated determinations of blood flow in the same animal, we performed re peated rCBF measurements, using this technique, to characterize changes in rCBF after fluid-percus sion traumatic brain injury.
METHODS

Surgical preparation
Twenty male Sprague-Dawley rats (450-500 g) were provided with food and water ad libitum. Animals were initially anesthetized with 4% isoflurane, intubated, and artificially ventilated with a mixture of isoflurane (1.5%), air, and oxygen using a mechanical rodent ventilator (Harvard Inc., South Natick, MA, U.S.A.), a Forane va porizer, and an Ohio Heidbrink Compact anesthesia ma chine (Ohio Medical Products, Madison, WI, U.S.A.). A femoral cutdown was performed and both femoral ar teries were cannulated (PE-50 tubing): The right femoral arterial catheter was inserted for withdrawal of the refer ence blood sample for the determination of blood flow, and the left was inserted for continuous monitoring of MABP and heart rate. The right femoral vein was also cannulated (PE-50) for constant infusion of gallamine triethiodide (3 mg/kg/h). To inject the microspheres, the left ventricle was cannulated via the right subclavian ar tery (BOLAB vinyl tubing, size v/3, drawn out to taper for the terminal 3-4 cm). During the ventricular cannula tion, pressure pulses of the ventricular catheter were continuously monitored to ensure its proper placement. The BOLAB tubing was inserted into the subclavian ar tery, immediately proximal to the trifurcation of the vessel at the level of the brachial plexus, and advanced 30-33 mm from the insertion to reach the left ventricle.
In all animals, a craniotomy was made over the left parietal cortex, centered midway between bregma and lambda. The dura mater was left intact, and a hollow fe male Leur-Loc fitting (2.0 mm in internal diameter) was secured with dental cement into the craniotomy. After surgical preparation, animals were maintained with 1% isoflurane and Pa02 and Pac02 were maintained in the range of 110-150 and 32-38 mm Hg, respectively, by controlling the respiratory rate of the ventilator and the oxygen flow of the anesthesia machine. The core body temperature was maintained at 36.5-37.5°C using a heating pad. The Leur-Loc was connected to the fluid percussion device and animals were injured as previously described transducer connected to a storage oscilloscope and pho tographed with a Polaroid camera.
rCBF measurement
Microspheres (I5 ± 3 /Lm), randomly labeled with 153 Gd, 114 In, 113S n, 95Nb, 85Sr, 65Zn, 57CO, 54Mn, or 51Cr (Cardiovascular Research Institute, University of Cali fornia, San Francisco, CA, U.S.A.), were used in this investigation. A specially designed 0.3-ml injection vial (VWR Scientific, San Francisco, CA, U.S.A.), con taining microspheres and isotonic saline, was attached to the ventricular catheter and agitated continuously to maintain mixing, and microspheres (1.0 m\) were injected over 20 s. The injection vial was counted prior to and following the injection to calculate the actual number of micro spheres injected. Since preliminary data indicated that three repeated injections of 300,000 microspheres per injection (900,000 microspheres in total) caused he modynamic changes in uninjured rats (I. Yamakami, un published data), we utilized three injections containing � 100,000 per injection. The injection of this number of microspheres ensured that brain tissue entraps � 100 mi crospheres/IOO mg. The reference sample method using microspheres permits the simultaneous determination of tissue blood flow and cardiac output (Rudolph and Hey mann, 1967; Malik et aI., 1976 ). Commencing 30 s prior to the microsphere injection, reference blood was with drawn from the right femoral artery at the rate of 0.47 mIlmin, using a Masterflex systolic pump (Cole-Parmer Instrument Co., Chicago, IL, U.S.A.). Reference blood was continuously withdrawn during the microsphere in jection and for 70 s following the end of injection. At this withdrawal rate, each reference blood sample entrapped >400 microspheres (I. Yamakami, unpublished data).
In six control rats, three consecutive microsphere in jections were performed at I-h intervals. In 14 rats sub jected to fluid-percussion brain injury, the first injection was performed prior to injury to determine baseline rCBF. In seven injured animals (Group A), the second and third injections were performed at 15 min and 1 h following brain injury. In another seven injured animals (Group B), the second and third injections occurred at 30 min and 2 h following brain injury. MABP and heart rate were monitored continuously to determine any hemody namic changes during the microsphere injection. Animals were killed 30 min after the third injection (pentobarbital sodium 200 mg/kg i.v.), and tissue samples were re moved. The following brain samples were dissected for rCBF analyses: injured (left) and uninjured (right) pari etal cortex, left and right frontal cortex, left and right diencephalon, pons-medulla, and cerebellum. The radio activity of each tissue sample and of each reference blood sample was counted on a Norland multichannel pulse height analyzer using a TM Analytic 300 sample changer with NaI detector, and the radioactivity for each nuclide was determined using a least-squares radio nuclide sepa ration technique (Baer et aI., 1984) . Cardiac output and tissue blood flow were calculated according to the methods of Heymann et al. (1977) , where cardiac output and CBF are calculated according to the following equa tions:
where Ca is counts of the total radioactive micro spheres injected, Cb is counts in the brain sample, Cr is counts in the reference blood sample, RBF is withdrawal rate of the reference blood sample (mllmin), and Wt is weight of the brain sample (g).
EEG and chronic neurological and pathological evaluations
Ten additional rats (450-500 g) were injured and moni tored for EEG and chronic neurological and pathological evaluations. Animals were anesthetized as described above, and EEG screws placed in bilateral frontal bone were connected to a Siegen computerized spectral EEG analyzer (Siegen, Palo Alto, CA, U.S.A.) to record the fast Fourier transformed spectral EEG [frequency/ampli tude (power band)] analysis. Animals were then sub jected to left parietal fluid-percussion brain injury (2.1-2.4 atm) and MABP, heart rate, arterial blood gases, and EEG were monitored continuously prior to injury and for 2 h post injury. At 2 h post injury, anesthesia was discon tinued and animals were extubated, returned to their cages, and scored for chronic neurological function up to 4 weeks. Animals were scored weekly for posttraumatic neurological deficits beginning at 24 h post injury using a battery of neurological tests developed in our laboratory . A composite neuroscore was de veloped for each animal by combining the scores of five specific tests (contralateral forelimb flexion, lateral pul sion, angle board, beam traverse, and behavior) so that scores were interpreted as follows: 20 = normal, 15-19 = slightly impaired, 10-14 = moderately impaired, 0-9 = severely impaired. At 4 weeks post injury, animals were perfused with neutralized formalin and brains were prepared for pathological examination.
Data analysis
All data are expressed as means ± SEM. Cardiovas cular variables, blood flow data across groups and paired (left and right) brain regions were examined using anal ysis of variance, and continuous variables subjected to repeated measurements in the same group were exam ined using repeated-measures analysis of variance fol lowed by the paired t test corrected by the Bonferroni inequality (Glantz, 1987) . In the analysis of EEG data, EEG power was compared between right and left hemi spheres using the unpaired t test, and EEG power at each time point was compared with baseline using the Wil coxon signed-rank test. A p value of <0.05 was consid ered to be statistically significant.
RESULTS
Control blood flow studies
Table la summarizes the effects of three re peated microsphere injections on cardiovascular variables in control animals. There were no signifi cant changes in MABP, heart rate, or arterial blood gases during three injections. The calculated car diac index (cardiac output/body weight, mllmin/100 g body weight) showed no significant changes over three injections (24.8 ± 2.0 mllmin/l00 g on the first injection, 23.8 ± 2.3 mllmin/l00 g on the second, and 22.1 ± 1.4 mllmin/l00 g on the third; Cardiac index = cardiac output/body weight (ml/minI100 g body weight).
NS). Table Ib summarizes regional and total brain CBF calculated by three repeated microsphere in jections in control animals. To tal brain CBF did not differ between injections (134 ± 10 mllmin/100 g on the first injection, 136 ± 12 mllmin/l00 g on the second, and 130 ± 14 mllmin/l00 g on the third; NS). rCBF values also did not differ between injec tions. Paired regions from left and right hemi spheres did not show significant differences in their rCBF values. Furthermore, there was no significant difference in blood flow between the right and left kidneys (results not shown), indicating that an ap propriate mixing of the micro spheres occurred.
Cardiovascular changes after fluid-percussion brain injury
Left parietal brain injury induced an immediate but transient rise in MABP within 1 min post injury (from 100 ± 3 to 152 ± 6 mm Hg). MABP returned to baseline values within 5 min (101 ± 3 mm Hg) and remained at baseline for 1 h following injury, whereupon it fell to 94 ± 2 mm Hg and continued to fall over the study period to reach hypotensive levels (80 ± 4 mm Hg) at 2 h post injury (p < 0.01). Heart rate also increased transiently following in jury (from 320 beats/min baseline to 420 beats/min), gradually decreased by 10 min following injury, and remained unchanged throughout the experiment. During baseline blood flow measurements, there were no significant differences in cardiovascular variables between Group A and Group B. There was no significant difference in arterial blood gas data in animals subjected to fluid-percussion brain injury ( Table 2) .
Effects of brain injury on regional and total brain CBF Ta ble 3 summarizes regional and total brain CBF prior to and following fluid-percussion brain injury. Preinjury total brain CBF was 120 ± 10 mi/min/100 g in Group A and 129 ± 13 mVmin/100 g in Group B and there was no significant difference between the two groups. There were also no significant differ ences between the preinjury rCBF values of Groups A and B. At 15 min post injury, rCBF showed a significant decrease in all brain regions studied. At 30 min post injury, rCBF in forebrain areas re mained profoundly suppressed in both injured (left) and uninjured (right) hemispheres, while it had re covered to near-normal in pons-medulla and cere bellum. By 1 h post injury, rCBF in all forebrain areas still remained significantly suppressed. At 2 h post injury, rCBF in the injured left parietal cortex remained significantly depressed (49% of baseline; p < 0.01), while rCBF in other brain regions had returned to near-normal. To tal brain CBF de creased significantly at 15 min, 30 min, and 1 h post injury (48, 56, and 52% of baseline, respectively; p < 0.01) and returned to near-normal by 2 h post injury (81% of baseline; NS). percussion brain injury. At 15 min post injury, EEG power fell by 70% in the injured hemisphere and by 40% in the uninjured hemisphere. EEG power re covered to reach 68% of baseline in the injured hemisphere (p < 0.02) and 98% of baseline in the uninjured hemisphere at 2 h post injury (NS). EEG power of the injured hemisphere remained signifi cantly suppressed over the 2-h post injury study pe riod. At 24 h post injury, all animals showed a mod erate-severe post traumatic neurological deficit (median score = 12) that persisted for up to 2 weeks post injury (median score = 15).
EEG and chronic neurological evaluations
Gross pathology
In control animals, no tissue damage was ob served upon gross pathological analysis. In injured animals, bilateral subdural hematoma and sub arachnoid hemorrhage were observed over the ce rebral hemispheres in all animals. Subarachnoid hemorrhage in all animals extended from the ven tral brainstem to the superior cerebellar subarach noid space. In more than half of injured animals, intraventricular hematoma was observed in the lat eral ventricle ipsilateral to the injured cortex. On pathological evaluation at 4 weeks post injury, cystic necrosis was uniformly observed in the left parietotemporal cortex (Fig. 2) . 
DISCUSSION
Although several clinical and experimental inves tigations have suggested that a decrease of CBF might cause ischemic brain damage following trau matic brain injury, few studies have measured CBF after experimental brain injury. Using the hydrogen clearance method, Lewelt et al. (1980) reported that minimal reductions of blood flow to the cau date nucleus occurred at 1 h following midline fluid-percussion brain injury in cats (30.1 ± 1.8 mll min/IOO g in mild injury and 25.7 ± 4.4 mllmin/l00 g in severe injury compared with 34.3 ± 3.2 mll min/IOO g in controls). Using the radioactive mi crosphere technique, DeWitt et al. (1986) did not observe any reductions of rCBF up to 1 h following fluid-percussion brain injury in cats (with the ex ception of a transient hyperemia at 1 min post in jury) and suggested that CBF does not change acutely following fluid-percussion brain injury. However, a subsequent microsphere study, using an identical model of fluid-percussion brain injury in the cat, revealed that regional changes in CBF do occur at a later time point (2 h) following injury . Although new models of fluid-percussion brain injury have recently been characterized using the rat as an experimental sub ject, nothing is known about rCBF alterations fol lowing fluid-percussion brain injury in this animal. Following left parietal fluid-percussion brain in jury in rats, the present study demonstrated that (a) an acute and profound reduction of rCBF occurs in all brain regions, (b) a recovery of rCBF to near normal in most brain regions occurs by 2 h post in jury, (c) a localized cerebral oligemia persists for up to 2 h post injury in an area circumscribing the trauma site, and (d) a localized reduction of rCBF at the injury site precedes the development of sub sequent cystic necrosis observed at 4 weeks post injury.
The profound and widespread reduction of CBF observed immediately after brain injury may have been related to several general posttraumatic events: Subarachnoid hemorrhage (which was uni formly observed following injury) may cause cere bral vasospasm and a global reduction of CBF (McCullough et al., 1971; Macpherson and Graham, 1973 ). An increase in intracranial pressure (which was not monitored in the present study), as sociated with subarachnoid hemorrhage and sub dural hematoma, may also decrease cerebral perfu sion pressure and cause a global reduction of CBF. A posttraumatic global suppression in cerebral me tabolism may also cause the widespread posttrau matic reduction of CBF (Meyer et aI., 1970) .
The prolonged focal oligemia at the trauma site may be associated with (a) localized metabolic sup pression at the injury site (Wagner et aI., 1985; Vink et al., 1987) , (b) microvascular obstructions in the contused brain (Hekmatpanah and Hekmatpanah, 1985) , and (c) release of cerebral vasoconstrictors (Hall, 1985) . Although the prolonged focal reduc tion of rCBF at the trauma site precedes the patho logical damage, the extent of regional oligemia may not be severe enough to cause cerebral necrosis since membrane pump failure has been shown to occur only after CBF falls below the threshold of 10 mllmin/ IOO g (Astrup et al., 1977) . In addition, the cystic necrosis was confined to the left parietotem poral cortex, despite reduction of CBF of similar magnitude in other brain regions. However, there is a possibility that our microsphere method might have missed focal ischemia « 10 mliminilOO g) lo calized to discrete brain regions because of an in-ability to determine CBF in small tissue samples. To this end, the autoradiographic measurement of rCBF may be more useful.
Immediately after fluid-percussion brain injury in the rat, bilateral hemispheric EEG activity was markedly suppressed, and as observed in a pre vious study using 31p magnetic resonance spectros copy, the phosphocreatine/inorganic phosphate ratio (PCr/Pi) shows an initial decline (Vink et aI., 1987) . It suggests that a global suppression of cere bral metabolism occurs immediately after traumatic brain injury. Although the present study demon strates that CBF is also reduced up to 1 h post in jury, the fall in regional and total brain CBF is most likely not severe enough to induce the observed EEG suppression or decline of PCr/Pi' It has been reported that changes in PCr/Pi (Thulborn et al., 1982; Gadian et aI., 1986 ) and suppression of EEG activity (Branston et aI., 1974; Heiss et aI., 1976) do not occur until CBF falls below 20 mllmin/100 g. Furthermore, while CBF remained suppressed for up to 1 h post injury, the bilateral hemispheric EEG activity showed a steady recovery in the present study, and the initial decline of the PCr/Pi also has been reported to show a recovery by 1 h post injury (Vink et aI., 1987) . Therefore, the changes in EEG activity and phosphorus metabolism following fluid-percussion brain injury do not appear to be due directly to the posttraumatic reduction of CBF observed in the present study.
The microsphere technique permits repeated de terminations of blood flow in the same animal. However, the successful use of this technique is based upon the assumptions that (a) the distribution of the micro spheres is proportional to the local blood flow, (b) permanent entrapment of the micro spheres occurs during the first complete circulation of blood throughout the body, and (c) no hemody namic changes occur as a consequence of this en trapment (Malik et aI., 1976) . In smaller animals such as rats, the number of micro spheres injected must also be considered. Although Tsuchiya et al. (1977) have previously reported that a single injec tion of > 100,000 microspheres caused hemody namic changes, Flaim et al. (1978) ascribed these hemodynamic changes to the dextran in which the microspheres were suspended and also reported that a single injection of up to 850,000 microspheres in isotonic saline did not alter arterial pressure. However, these studies did not measure the effect of the micro spheres on cardiac output and tissue blood flow. Stanek et al. (1983) reported that a single injection of <360,000 microspheres caused no hemodynamic disturbances or significant changes in organ blood flows. Others, however,
have demonstrated a significant reduction in cardiac and renal blood flows after the injection of 375,000 but not of 100,000 micro spheres (Tuma et aI., 1986) . In the present study, heart rate and MABP showed no appreciable changes during the injection of 100,000 microspheres.
Multiple injections of microspheres in rats can potentially complicate interpretation of blood flow data owing to hemodynamic changes caused by the accumulated microspheres (Tsuchiya et aI., 1977; Stanek et aI., 1983) . In our pilot studies, three re peated injections of 300,000 micro spheres per in jection (900,000 microspheres in total) were per formed; following the second injection, Pao2 and Paco2 changed significantly, and a profound hyper tension and bradycardia were observed during and following the third injection (I. Yamakami, unpub lished data). In the present study, a total of 300,000 microspheres were injected in a rat using three con secutive injections. The accumulated microspheres did not change any of hemodynamic parameters (MABP, heart rate, and cardiac output), nor were any of the calculated tissue blood flows altered. The calculated regional and total CBF values were particularly consistent over the three injections. Our results support those of Hoffmann et al. (1981) , who showed that three repeated injections of 100,000 microspheres per injection caused no sig nificant change in blood pressure, cardiac output, or tissue blood flow in rats.
The accuracy of blood flow determinations using the microsphere technique is dependent upon the number of micro spheres entrapped in the reference and tissue sample. Buckberg et al. (1971) demon strated that in sheep and dogs >400 microspheres in each sample would provide errors of <20% de spite randomness. Tsuchiya et al. (1978) reported that in rats 200-400 microspheres trapped in the reference sample would permit accurate and repro ducible measurements of blood flow. In the present investigation, >400 microspheres were contained in each reference blood sample and each brain re gion trapped a minimum of 300-400 microspheres (results not shown). The rCBF values in control an imals calculated by three repeated microsphere in jections were consistent in all brain regions. Fur thermore, these regional and total brain CBF values were consistent with those previously re ported in isoflurane-anesthetized rats (Hansen et aI., 1987; Monk et aI., 1987) . The variability in rCBF values of individual brain regions in injured animals was negligible, although several brain re gions contained <200 microspheres following in jury, owing to reduced rCBF. In studies of CNS in jury, the microsphere technique might therefore lose some degree of accuracy under ischemic con ditions where the tissue samples would entrap fewer microspheres.
Although the results of the present study are not necessarily consistent with those of recent investi gations in cats following fluid-percussion brain in jury, there are several possible factors that may ex plain any discrepancies, aside from species-specific differences. DeWitt et aI. (1986) used pentobarbital sodium as an anesthetic agent, which reduces CBF and cerebral metabolism in a dose-dependent fashion (Pierce et aI., 1962; Michenfelder, 1974) , while the present study utilized isoflurane, which has been reported to have minimal effects on cere bral circulation under 1.0 MAC level (Eger, 1980; To dd and Drummond, 1984) . Lewelt et aI. (1980) observed a minimal suppression of blood flow to the caudate nucleus in cats subjected to midline fluid-percussion brain injury but found major pathological changes in the brainstem. In our lat eral brain injury model, histopathological changes are restricted to the left cerebral hemisphere where blood flow changes are most severe. Interestingly, our results are consistent with those of Nilsson and Nordstrom (1977) who used a concussive impact acceleration rat model and observed a global de crease of CBF at 10-20 min post injury.
Our results demonstrate that the radioactive mi crosphere technique can be used effectively to study rCBF in the rat under normal and patholog ical conditions. Furthermore, following left parietal fluid-percussion brain injury in the rat, an acute re duction of rCBF occurs in all brain regions while a prolonged focal reduction of rCBF occurs in the area circumscribing the injury site. Future studies will examine the pathological mechanisms under lying changes in rCBF and address the response of rCBF to pharmacological therapy following trau matic brain injury.
